In this study, the Standardized Precipitation Index (SPI) is used to ascertain the added value of dynamical downscaling over the contiguous United States. WRF is used as a regional climate model (RCM) to dynamically downscale reanalysis fields to compare values of SPI over drought timescales that have implications for agriculture and water resources planning. The regional climate generated by WRF has the largest improvement over reanalysis for SPI correlation with observations as the drought timescale increases. This suggests that dynamically downscaled fields may be more reliable than larger-scale fields for water resource applications (e.g., water storage within reservoirs). WRF improves the timing and intensity of moderate to extreme wet and dry periods, even in regions with homogenous terrain. This study also examines changes in SPI from the extreme drought of 1988 and three "drought busting" tropical storms. Each of those events illustrates the importance of using downscaling to resolve the spatial extent of droughts. The analysis of the "drought busting" tropical storms demonstrates that while the impact of these storms on ending prolonged droughts is improved by the RCM relative to the reanalysis, it remains underestimated. These results illustrate the importance and some limitations of using RCMs to project drought.
Introduction
Drought impacts more people than any other natural disaster and is the most costly of all natural disasters with an estimated $6-$8 billion in global damage annually [1, 2] . Historical records suggest increasingly severe and widespread droughts have occurred over recent decades, a trend that is projected to persist through the 21st century [3] . Global climate models (GCMs) are critical tools for drought projection because they can simulate the large-scale atmospheric circulation response to changes in radiative forcing. However, the coarse resolution of most GCMs may limit the ability to project regional droughts. Regional climate models (RCMs) are typically used to downscale GCM fields and this dynamically downscaled output may be an important resource for projecting changes in regional droughts. Many coordinated international efforts with RCMs are underway (e.g., CORDEX [4] ) or completed (e.g., NARCCAP [5] , PRUDENCE [6] , and ENSEMBLES [7] ) to represent the regional climatology at higher resolution. For instance, using a RCM can improve the representation of land use and land cover [8] and resolve mesoscale circulations and feedbacks [9] [10] [11] .
Droughts are commonly associated with large-scale shifts in the atmospheric circulation and/or sea surface temperature anomalies [12] [13] [14] . These large-scale features are resolved by GCMs, which have projected changes such as the poleward shift in the Hadley cell [15] or the westward migration of the Bermuda High [16] . Therefore, RCMs, which are forced by GCM fields, may be limited in their ability to improve the characterization of widespread droughts because such droughts are driven by the large-scale atmospheric circulation resolved by GCMs. In addition, RCMs typically use climatological albedo values that can limit the land-surfaceatmosphere feedbacks that affect drought [17] . However,
Advances in Meteorology
RCMs may add value beyond the driving GCM at regional to local scales by improving the precipitation variability (i.e., extremes) that is important for describing the regional climate or ending long-term droughts. Maule et al. [18] evaluated RCMs within the ENSEMBLES project over Europe using the Standardized Precipitation Index (SPI) and Palmer Drought Severity Index for hindcast simulations. They found that RCMs in ENSEMBLES could capture observed drought features, but those RCMs performed poorly in complex terrain regions and often did not correctly simulate the magnitude of droughts. Russo et al. [19] also evaluated RCMs within the ENSEMBLES project and found that a nonstationary form of the SPI reveals robust changes in extreme dry and wet years/seasons in a future climate over Europe. Overall, because droughts are commonly associated with shifts in the large-scale atmospheric circulation and there are limitations with many RCMs using climatological albedo values, it is important to demonstrate the added value of a RCM for a drought metric such as the SPI. To our knowledge, this type of comparison has not been performed previously and complements prior studies such as Maule et al. [18] and Russo et al. [19] .
The objective of this paper is to evaluate hindcast simulations of SPI using the Weather Research and Forecasting (WRF) model [20] for dynamical downscaling over the contiguous United States (CONUS) to quantify the value added by downscaling. In particular, this study identifies the added value of using dynamically downscaled fields to compute SPI for different accumulation periods and different extreme events, including a major drought and "drought busting" tropical storms. Section 2 describes the WRF model setup, and Section 3 describes the SPI. Section 4 contains statistical analyses of SPI over the 18-year simulation. Section 5 explores changes in SPI during the 1988 North American drought and after the passages of tropical cyclones during the 1990 and 1999 Atlantic hurricane seasons that helped to alleviate drought conditions within the eastern U.S. Discussion and conclusions are provided in Section 6.
WRF Model Setup
The WRF model version 3.4.1 was run continuously from 1988 to 2005 after a one-month spin-up using a 108-36-km, twoway nested domain covering North America (Figure 1 ). The input data are 2.5 ∘ × 2.5 ∘ fields from the National Centers for Environmental Prediction-Department of Energy Atmospheric Model Intercomparison Project (AMIP-II) Reanalysis data [21] , hereinafter, R2. R2 data can be considered as perfect lateral boundary conditions, permitting direct comparison with observations, and they have a horizontal resolution that is comparable to many GCMs. WRF was run with a 34-layer configuration with a model top at 50 hPa. The physics options follow those used in Otte et al. [22] , except that the simulation here used the Kain-Fritsch convective parameterization [23] . The simulation employs analysis nudging on both domains with nudging coefficients following Otte et al. [22] . Analysis nudging has been shown to improve the large-scale atmospheric circulation within WRF [24] as well as the mean and extreme 2-m temperature and precipitation [22, 24, 25] in regional climate modeling forced by historical data.
Standardized Precipitation Index
This study uses the SPI [26, 27] to identify wet and dry periods and classify their severity within the 18-year simulation period. The SPI is appealing since it is based solely on precipitation, which is readily available from RCMs; other drought indices rely on fields that often need to be derived or inferred from RCM output. The SPI can be applied across many short-term climatic timescales and is equally effective in categorizing wet and dry periods. To calculate SPI, the long-term monthly precipitation record is fitted to a gamma distribution which is then transformed into a normal distribution so that the mean SPI at each location and over the desired period is zero [28] . The SPI value for the total precipitation over some period (of specific months and of a certain duration) is the number of standard deviations from the climatological mean for the same relative period and timescale. For example, a 3-month SPI at the end of August compares the JuneAugust precipitation total in that particular year with the June-August precipitation totals of all the years on record for that location. Positive SPI values indicate higher than mean precipitation, and negative values indicate lower than mean precipitation. Absolute values of SPI ranging from 1.00 to 1.49 are considered to be moderate events. Absolute values of SPI between 1.50 and 1.99 are classified as severe events. Extreme events, defined as having an absolute value of SPI greater than 2, occur only 2.3% of the time [18] .
The SPI can be calculated over different accumulation periods (i.e., timescales) ranging from one month up to 72 months. Changing the accumulation period in the SPI can be used to differentiate between various types of drought conditions. SPI timescales in the 1-to 3-month range can be used for applications that respond to short-term precipitation anomalies, such as meteorological drought, soil moisture retention, and agriculture. SPI timescales in the 6-to 12-month range can be used to assess impacts to groundwater, streamflow, and reservoir levels. 
SPI Statistical Evaluation
In this study, we use precipitation data from the ParameterElevation Regressions on Independent Slopes Model (PRISM) [29] as the observational basis to assess the presence and severity of flooding or drought. PRISM is based on precipitation station data and a climate-elevation regression that assigns weights to stations based primarily on the physiographic similarity of the station to the grid cell [29] . The SPI is calculated independently for monthly precipitation fields from WRF, R2, and PRISM over accumulation periods of 1, 3, 6, and 12 months. The PRISM products are available monthly at a 4-km resolution, and we upscaled the precipitation data to the 36-km WRF grid using a weighted area average. Data from PRISM are only available over the CONUS, so the analysis is restricted to the CONUS. The statistical evaluations in this paper are based on area averages for the National Climatic Data Center U.S. climate regions (see Figure 1 ).
Examining Historical Record Length as a Basis for
Computing SPI. This study examines SPI using 18 years of WRF model output rather than 20-30 years of climatological baseline [30] . Wu et al. [31] advise users to be aware of the numerical differences of SPI values when considering the length of record. They demonstrate that SPI values computed from different record lengths are highly correlated and consistent when the gamma distributions of precipitation over the time periods are similar. In light of this, we compare the PRISM SPI values both temporally and spatially for a "short" record (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) ) that aligns closely with the WRF simulation period and a "long" record for different accumulation periods and for the regions shown in Figure 1 . Figure 2 compares the SPI values calculated for the 1-and 12-month accumulation periods (the shortest and longest examined here) for the West, Northern Rockies and Plains, and Southeast regions. The largest difference between the SPIs for the short and long periods in Figure 2 , considering dry conditions (SPI < −1), is the SPI for the 12-month period ending in November 2000 for the Southeast region, which shows a difference (long record minus short) of 0.24. Overall, the SPI values are comparable between the short and long climatological records, which gives us confidence that the 18-year historical record is sufficient for evaluating SPI over 1-12 months of accumulation periods. Figure 3 compares the spatial fields of the SPI for the 12-month period ending in November 2000 using the short and long climatological records. Figure 3 shows that the intensity and spatial extent of the Southeast drought are larger using the shorter record, as extreme drought conditions (SPI < −2) are characterized to extend through most of Mississippi and Alabama and parts of Georgia, Florida, Arkansas, Texas, and Louisiana. The transitions from dry to wet regions are generally consistent between the two records. Overall, comparisons of SPI computed from both record lengths demonstrate that using the shorter record is sufficient to perform the statistical analysis within the NCDC regions. WRF and R2 with PRISM can quantify the added value of using downscaled fields. Regions with the highest correlation of SPI between PRISM and either R2 or WRF do not necessarily indicate added value. The difference in the correlation coefficients between WRF and R2 is used to illustrate value added by downscaling. Figure 4(c) shows the difference in the correlation coefficient (WRF minus R2) at different SPI timescales for each climate region. The largest improvements in correlation of SPI by downscaling occur east of the Rockies, particularly in the Ohio Valley region which generally had the lowest correlation of any region between PRISM and R2. These improvements demonstrate that SPI can be improved by downscaling in areas without complex terrain. The added value by downscaling may be a result of improvements in simulating the weather patterns in the lee of the Rocky Mountains because the terrain is better resolved in WRF relative to R2 and/or improvements in representing the local atmospheric stability in WRF. Downscaling R2 with WRF generally provides greater improvement in the correlation with PRISM as SPI accumulation period length increases (Figure 4(c) ) despite WRF's correlation being the highest for shorter accumulation periods (Figure 4(a) ). The increase in correlation suggests that added value for SPI depends on the accumulation period and that RCMs may provide relatively more value for long-term dry or wet periods that are important for water resource management.
Demonstrating Added Value of
To explore the added value further, the critical success index (CSI) [32] is used to evaluate how well R2 and WRF characterize moderate to extreme wet and dry periods. The CSI is a measure of the skill of SPI exceedances considering hits (events when the SPI modeled by WRF or R2 exceeds ±1 and is corroborated by the PRISM data), false alarms (events when the SPI modeled by WRF or R2 exceeds ±1 but is not corroborated by the PRISM data), and missed exceedances (events when the SPI by PRISM exceeds ±1 but is not corroborated by the WRF nor R2 data). We calculate the CSI as follows:
where the wet (SPI > 1) and dry (SPI < −1) exceedances relative to PRISM are combined for each model. The difference in CSI (WRF minus R2) provides a measure of added value of WRF. An increase in CSI is considered to add value by downscaling, as the simulated intensity of moderate to extreme wet and dry periods is improved.
The CSI for moderate to extreme events in WRF for the four accumulation periods is shown in Figure 5 (a). The CSI averages around 50% for all accumulation periods. The highest CSI values (exceeding the 50% average) occur for the Northwest and West regions. The lowest CSI percentages are east of the Rockies, especially the southern and central US (lower than the 50% average). The regional CSI values ( Figure 5 ), along with the SPI correlations (Figure 4 ), indicate that WRF simulates the intensity of moderate to extreme wet events better for the western portions of the CONUS. As in WRF, the CSI is also larger over the western portions of the CONUS in R2 (Figure 5(b) ) demonstrating the controlling influence of the large-scale atmospheric forcing for SPI values. Figure 5 (c) compares the CSIs for moderate to extreme exceedances from WRF and R2. In general, the CSI is larger in WRF for the majority of the CONUS, which demonstrates there is added value by dynamical downscaling. Across the regions and accumulation periods, there are several instances of the CSI for wet and dry events increasing with WRF by more than 15% compared to R2. In particular, the Northeast region has the largest overall improvement in CSI by downscaling, especially for longer accumulation periods. On average, across the CONUS, WRF provides more value for longer accumulation periods, though overall CSI improves by 5-10% for each accumulation period. While projections of moderate to extreme dry and wet periods are improved by downscaling, added value for these events is spatially inconsistent which indicates the complexity of assessing added value using a RCM for moderate to extreme dry or wet periods. For instance, the added value in the Northeast from downscaling may result from improvements in simulating the mesoscale circulation and precipitation when using a RCM, such as latent heating in midlatitude cyclones [11] . By contrast, smaller improvements over the western U.S. suggest that the large-scale atmospheric circulation in R2 (which was retained in WRF through the lateral boundaries and by nudging) sufficiently resolves droughts and floods in those regions.
SPI Event Analysis
Examining the SPI during significant meteorological events can provide further insight into added value by downscaling with a RCM [9] . Using the North American drought of 1988, we investigate the effects of downscaling on a widespread drought caused by shifts in large-scale atmospheric circulation that are resolved by the driving data. Our second type of event analysis focuses on three tropical cyclones that ended regional drought conditions during the 1990 and 1999 Atlantic hurricane seasons. Tropical cyclones are known to have "drought busting" capabilities such that as many as 41% of all droughts in the Southeastern U.S. are ended by them [33] . The storms examined here highlight very different "drought busting" events: Tropical Storm Marco in 1990, and Hurricanes Dennis and Floyd in 1999.
North American Drought of 1988.
The 1988 drought is the costliest U.S. drought during the historical period of this study with estimated $39 billion in damage to agriculture and related industries [34] . That drought occurred during a strong La Niña event, which displaced North American storm tracks farther north into Canada [35] . The intensity and magnitude of the North American drought of 1988 can be discerned from the SPI based on PRISM for the 12-month period ending in December 1988 ( Figure 6(a) ). Much of the Northern Plains and Rockies, Midwest, and parts of the Gulf and Atlantic Coasts were experiencing severe to extreme levels of drought. Conversely, some parts of the southwestern U.S. were abnormally wet, with SPI values between +1 and +2 from the PRISM data. As expected, R2 broadly captures the large-scale spatial patterns of the drought and the abnormally wet area in the southwestern U.S. (Figure 6(b) ). However, the SPI values are locally improved relative to observations by downscaling with WRF ( Figure 6(c) ), particularly within the complex terrain of the Cascade and Appalachian Mountains (Figure 6(a) ). Within the Cascade Mountain range, R2 underestimates the observed moderate drought conditions in Washington and Oregon and overestimates the drought conditions in Idaho. WRF better represents the location of the moderate drought conditions at local scales within many western states including Oregon, Washington, Idaho, and Nevada. In the Appalachian Mountains, moderate to extreme drought was observed from western North Carolina and eastern Tennessee northeastward to West Virginia. R2 underestimates 8 Advances in Meteorology the severity of the drought for these locations, while WRF improves representation of the intensity and placement of the drought. Some of the largest differences occur in Kansas and Oklahoma, an area with fairly uniform terrain and extensive agriculture and ranching. The horizontal resolution of R2 cannot resolve the gradient between wetter conditions in the Southwest and drought in the Great Plains. WRF captures the intensity and location of the drought within Kansas and Oklahoma while also improving the placement and magnitude of the wetter conditions in the Southwest. The SPI computed from WRF also has some shortcomings: notably, the overpredicted intensity of the drought in the Upper Midwest and Ohio Valley and the miss of the drought along the Texas coast. Overall, this example illustrates that downscaling can add value at local scales when using SPI to characterize the spatial extent of droughts.
1990 Tropical Storm Marco.
Tropical Storm Marco dumped locally heavy amounts of rainfall between October 10 and October 13, 1990 , across parts of the Southeast U.S., exceeding 10 inches in many locations throughout Georgia, South Carolina, and North Carolina [33, 36] . The heavy rainfall and associated flooding caused $57 million in damage and was responsible for 7 deaths [37] . Tropical Storm Marco was noteworthy because of its role in the formation and evolution of two mesoscale features (cold-air damming and coastal frontogenesis) over Georgia and the Carolinas that enhanced the local precipitation over these areas on October 10 and October 11. These mesoscale features formed while Tropical Storm Marco was centered over southern and central Florida more than 400 km away [33, 36] . Prior to Tropical Storm Marco, Southeastern Atlantic states were experiencing drought conditions [33] . Below we compare the SPI values before and after Tropical Storm Marco to evaluate the added value of WRF for a "drought busting" tropical cyclone that induces mesoscale features important for rainfall totals. Figure 7 (a) illustrates the observed drought using the 6-month SPI calculated from PRISM prior to the landfall of Tropical Storm Marco in October 1990. The SPI values are less than −2 (extreme drought) in many locations throughout the Southeast. Figures 7(b) and 7(c) show the 6-month SPI values from R2 and WRF for the same period. The drought using R2 is farther west and misses the drought that extends from Georgia into South and North Carolina. In comparison, WRF is able to capture drier conditions over Georgia extending into South Carolina, but the magnitude of the drought is less intense than observed. Note that the most intense drought in WRF, with SPI values less than −2, follows the general pattern reflected in R2 with the driest conditions farther west into Louisiana and Mississippi.
After Tropical Storm Marco made landfall, the extreme drought in southern Georgia was alleviated (compare Figures 7(a) and 8(a) ). Additionally, there is a reversal in the SPI towards wetter than average conditions in central and western portions of North and South Carolina. Although WRF underestimated the intensity of the drought, especially for Southeastern Georgia (compare Figures 7(a) and 7(c)) , it captures the relative shift towards neutral conditions. However, the reversal in the SPI values in WRF and R2 is similar for the Southeastern Atlantic states and neither has a strong reversal in the SPI values as observed. Comparing the SPIs from R2 and WRF indicates that WRF provides relatively small value in this case despite Tropical Storm Marco's role in the formation of mesoscale features that led to copious amounts of rainfall.
1999 Hurricanes Dennis and Floyd.
The 1999 Atlantic hurricane season included Hurricane Floyd, which generated the costliest flooding event in North Carolina history with an estimated total cost exceeding $9 billion [34] . The back-toback combination of Hurricanes Dennis and Floyd in AugustSeptember 1999 altered the regional and local drought signals in parts of the eastern seaboard of the U.S. as the region transitioned out of a period of prolonged drought. In particular, the tracks of Dennis and Floyd crossed eastern North Carolina less than two weeks apart, resulting in historic flooding of the Tar River and inundation of the town of Princeville [38] . The localized heavy rainfall, especially over eastern North Carolina, provides another ideal event to investigate the added value of increasing the horizontal resolution for simulating "drought busting" tropical cyclones.
Prior to Hurricanes Dennis and Floyd in 1999, much of the Mid-Atlantic and Northeast was experiencing a longterm moderate to extreme drought, as evident in the 12-month SPI calculated from PRISM and ending in July 1999 (Figure 9(a) ), particularly seen from North Carolina into the Mid-Atlantic states with SPI values less than −1. The passages of Hurricanes Dennis and Floyd in late August and early September, 1999, respectively, brought relief to drought-stricken areas along the Atlantic coast. Those storms shifted the moderate-extreme drought in July 1999 to nearly neutral conditions for most locations east of the Appalachian Mountains after the storms, as seen by comparing the 12-month SPI ending in July 1999 (Figure 9(a) ) to that ending in September 1999 (Figure 10(a) ). Eastern North Carolina and Southeastern Virginia experienced historic flooding during this time, and the precipitation received from these storms over this short period completely reversed the 12-month SPI to abnormally wet conditions, as reflected in the local SPI values above +2 in some areas (Figure 10(a) ). Portions of the Ohio Valley states, which did not receive precipitation from those storms (not shown), remained in extreme drought.
WRF provides a better estimate of the drought for the 12-month SPI ending in July 1999 than R2 prior to Hurricanes Dennis and Floyd, especially for the Northeastern states (see Figures 9(b) and 9(c) ). For instance, WRF correctly identified the drought extending into Northern New York, Vermont, and New Hampshire, but it was absent in R2. Figure 9 clearly shows that the coarser horizontal resolution in R2 limits the ability to capture transition regions of wet and dry conditions, as in Northern New York. Figure 10 shows that, after the passages of Hurricanes Dennis and Floyd, both R2 and WRF captured the relief of the long-term drought conditions for locations east of the Appalachian Mountains, especially notable in North Carolina and Virginia. WRF improves the spatial gradient of the SPI values relative to R2, but the magnitude of the SPI changes in WRF is smaller than observed, particularly in eastern North Carolina.
Discussion and Conclusions
WRF's performance was compared against that of the largescale input data (R2) to gauge the added value of using downscaling to predict drought over a historical period by using the SPI as the drought metric. The 36-km horizontal grid spacing used here in WRF is similar to many large-scale coordinated experiments, and these results may provide insight into the value of calculating SPI for these experiments. SPI can be calculated for different accumulation periods to project the impact of precipitation totals on agriculture and water resources. In this study, the quantitative evaluation compares R2 and WRF to PRISM observations and includes the correlation and the CSI for moderate to extreme wet and dry events. Additionally, this study uses an event analysis to assess the added value of computing the SPI from dynamically downscaled fields. (c) Figure 8 : As in Figure 7 , but for the period ending in October 1990.
The SPI correlation with observations decreases for longer accumulation periods in both R2 and WRF and demonstrates the influence of the large-scale atmospheric forcing on the SPI values. In general, SPI values in WRF follow R2 as expected, but WRF also provides added value at the NCDC regional scales. The largest added value occurs for longer accumulation periods. The implication of this result is that water resource applications (e.g., water storage within reservoirs) may benefit more when using dynamically downscaled precipitation. The regional scale statistics, including the CSI calculation for moderate to extreme dry and wet events, also reveal that WRF adds value for extreme/wet dry events and in areas without complex terrain. The results indicate that downscaling is particularly beneficial to categorize the intensity of moderate to extreme wet and dry periods, especially within NCDC regions east of the Rockies.
Because averaging SPI values over large regions can sometimes mask the local variations within a NCDC climate region, particularly when a region includes areas with SPI values of the opposite sign, we examined SPI predictions spatially using events with important local effects. For the 1988 North American drought, WRF improved the drought placement and magnitude within the NCDC regions. Many times added value is associated with betterresolved terrain, land use, and land/water boundaries. The 1988 North American drought occurred in regions without complex terrain, such as the Great Plains. The Great Plains was a transition region in R2 between extremely dry and wet areas, and the coarse resolution of R2 failed to capture some areas of drought as large as the states of Kansas and Oklahoma. By contrast, WRF better simulates the location and intensity of the drought because it resolves the SPI gradient. The significance of this result is that large-scale droughts, despite being generally associated with large-scale atmospheric circulation shifts and resolvable by the driving data, are better resolved with dynamical downscaling in both regions with and without complex terrain. We also examined the added value of using a RCM for "drought busting" tropical cyclones. Tropical Storm Marco (1990) Figure 10 : As in Figure 9 , but for the period ending in September 1999.
thus the impact of tropical storms as "drought busters" is also underestimated by both R2 and WRF. This information may be important for RCM applications, such as those from largescale coordinated downscaling experiments. Tropical Storm Marco was a complex system that induced mesoscale features important for rainfall and ended the ongoing drought while Hurricanes Dennis and Floyd made a direct impact on the rainfall totals. The relative differences in the SPI values from Tropical Storm Marco and Hurricanes Dennis and Floyd illustrate that added value can be storm dependent. For Hurricanes Dennis and Floyd, the added value of using downscaled fields to compute SPI values was easily identified as the transition regions between wet and dry locations were improved in WRF relative to R2. For Tropical Storm Marco, SPI values were similar between R2 and WRF and may be an artifact of 36-km resolution when considering simulating tropical storm induced cold-air damming and coastal frontogenesis. Overall, many coordinated RCM efforts use a comparable horizontal resolution to that used here, and our results illustrate that there is added value in using a RCM for drought assessments that may also be applicable to those groups.
